exchanger pendrin are expressed on apical membranes of distal cortical nephron segments and mediate salt absorption, with pendrin working in tandem with the epithelial Na + channel (ENaC) and the Na + -dependent chloride/bicarbonate exchanger (NDCBE), whereas NCC is working by itself. A recent study showed that NCC and pendrin compensate for loss of each other under basal conditions, therefore masking the role that each plays in salt reabsorption. Carbonic anhydrase II (CAII, CA2 or CAR2) plays an important role in acid-base transport and salt reabsorption in the proximal convoluted tubule and acid-base transport in the collecting duct. Animals with CAII deletion show remodeling of intercalated cells along with the downregulation of pendrin. NCC KO mice on the other hand show significant upregulation of pendrin and ENaC. Neither model shows any significant salt wasting under baseline conditions. We hypothesized that the up-regulation of pendrin is essential for the prevention of salt wasting in NCC KO mice. Methods and Results: To test this hypothesis, we generated NCC/CAII double KO (dKO) mice by crossing mice with single deletion of NCC and CAII. The NCC/CAII dKO mice displayed significant downregulation of pendrin, along with polyuria and salt wasting. As a result, the dKO mice developed volume depletion, which was associated with the inability to concentrate urine. Conclusions: We conclude that the upregulation of pendrin is essential for the prevention of salt and water wasting in NCC deficient animals and its downregulation or inactivation will result in salt wasting, impaired water conservation and volume depletion in the setting of NCC inactivation or inhibition.
Introduction
The thiazide-sensitive Na + -Cl -cotransporter NCC and the Cl -/HCO 3 -exchanger pendrin (SLC26A4) are expressed on apical membranes of distal cortical nephron segments and mediate salt absorption, with pendrin working in tandem with the epithelial Na + channel (ENaC) and the Na + -dependent chloride/bicarbonate exchanger (NDCBE), whereas NCC is working by itself [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Pendrin is expressed on the apical membrane of intercalated cells in the connecting tubule (CNT) and the cortical collecting duct (CCD) [6] [7] [8] [9] , whereas NCC is primarily expressed on the apical membrane of distal convoluted tubule (DCT) cells [2] .
Single deletion of pendrin or NCC does not cause salt wasting or excessive diuresis under basal conditions [16] [17] [18] [19] . Kidney functions, including sodium and chloride excretion, urine output, and blood urea nitrogen (BUN) levels in mutant mice are comparable to wild type animals. Both pendrin KO and NCC KO mice, however, show signs of volume depletion or develop hypotension during salt restriction [17, 18] . These findings have led investigators to conclude that pendrin and NCC are predominantly active during salt depletion and/or in response to increased aldosterone levels, and their contribution to salt reabsorption at baseline conditions is minimal.
A recent study from our laboratory [20] showed that NCC and pendrin compensate for loss of the other under basal conditions; therefore masking the role that each plays in salt reabsorption. In these studies it was determined that mice with double knockout of pendrin and NCC develop significant salt and fluid wasting, along with volume depletion, nephrogenic diabetes insipidus and renal failure under baseline conditions. Carbonic anhydrase II (CAII) plays an important role in acid-base transport and salt absorption in the proximal convoluted tubule and in acid-base transport in the collecting duct. Inhibition of CAII in the proximal tubule with the use of carbonic anhydrase inhibitors causes salt and bicarbonate wasting [21, 22] . The role of CAII in acid-base transport in the collecting duct is less well understood. Animals with CAII deletion show significant reduction in the number of B-intercalated cells along with the downregulation of pendrin expression [23, 24] .
We hypothesized that the up-regulation of pendrin, along with ENaC activation, is essential for the prevention of salt wasting in NCC KO mice [11, 25] . As such, we hypothesized that the prevention of up-regulation of pendrin in NCC KO mice should result in salt wasting and volume depletion. To test this hypothesis, we generated NCC/CAII double KO (dKO) mice by crossing mice with single deletion of NCC and CAII.
Materials and Methods

Animal models
Details of generation of CAR2 (CAII) null mice and NCC null mice have been reported before [17, 26, 27] . NCC/CAII dKO mice were generated by crossing CAR2 null mice with NCC null mice. Wild type and mutant animals were housed and cared for in accordance with the Institutional Animal Care and Use Committee (IACUC) at the University of Cincinnati. All animal handlers were IACUC-trained. Animals had access to food and water ad libitum, were housed in humidity, temperature, and light/dark controlled rooms, and were inspected daily. Animals were euthanized with the use of excess anesthetics (pentobarbital sodium) according to institutional guidelines and approved protocols. 
Tail
Antibodies
Pendrin antibodies were generated in our laboratory as described (19) . NHE3 antibodies were gifts from Dr. Alicia McDonough, University of Southern California. Antibodies against AQP2 (Santa Cruz Biothech.), 
Western blot analysis
Membrane proteins were prepared from mouse kidneys as previously described [28] [29] [30] . Membrane proteins were size-fractionated by SDS/PAGE (40µg/lane) and transferred to nitrocellulose membrane. Western blot analyses were performed using anti-AQP2, anti- Immunofluorescence labeling studies Animals were euthanized with an overdose of pentobarbital sodium and perfused through the left ventricle with 0.9% saline followed by cold 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). Kidneys were removed, cut in tissue blocks, and fixed in formaldehyde solution overnight at 4 °C. The tissue was either frozen on dry ice or fixed in paraffin, and 6 µm sections were cut with a cryostat and stored until used. Single-immunofluorescence labeling with pendrin antibodies was performed as described [28] [29] [30] .
RNA isolation and Northern hybridization
Total cellular RNA was extracted from kidneys, according to established methods, quantitated spectrophotometrically and stored at -80 °C. Hybridization was performed according to established protocols [19] .
Gene-specific DNA fragments were generated by RT-PCR and used as specific probes for Northern blot hybridization. For pendrin, a PCR fragment corresponding to nucleotides 1883-2217(NM_011867), was generated from mouse kidney. For renin, a PCR fragment corresponding to nucleotides 291-600(NM_031192) was generated from mouse kidney. Each Northern blot hybridization was performed on four independent samples from four different animals.
Urine and serum electrolytes analysis
Mice were housed in metabolic cages and had free access to rodent chow and water. Food intake, water intake, and urine volume were measured daily. Urine was collected under mineral oil. Urine chloride and sodium concentrations were measured using a digital chloridometer (HBI Haake Buchler Instruments, Inc.). Serum concentration of Na 
Blood pressure monitoring
Systolic blood pressure in conscious mice was determined using a tail-cuff sphygmomanometer (Visitech BP2000; Visitech Systems, Apex, NC, USA). Measurements for each mouse represent mean value of three consecutive recordings performed in the last week of experiments. All experimental animals were preconditioned for blood pressure measurements as previously described [20] . For salt loading studies, animals were subjected to 280 mM NaCl added to their drinking water for 2 weeks. Blood pressure was recorded during the last 3 days of salt loading.
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Statistical analysis
The results for chloride excretion, urine volume, urine osmolarity and blood pressure are presented as means ± SE. Statistical significance between experimental groups was determined by unpaired Student's t-test or Anova and P<0.05 was considered significant. Figure 1a is a representative northern blot and shows the mRNA expression of pendrin in kidneys of wild type, NCC KO and CAII KO mice. As shown, the expression of pendrin is increased in NCC KO mice but decreased in CAII KO mice. Figure 1b depicts representative immunofluorescence labeling of pendrin in kidneys of NCC KO (middle panel) and CAII KO mice (right panel) vs. their wild type littermates (left panel). The results indicate that pendrin abundance is increased in NCC KO but decreased significantly in CAII KO mice and confirm the mRNA expression studies in Figure 1a and previous reports [11, 24] .
Results
Expression of pendrin in kidneys of NCC KO or CAII KO mice
Generation of NCC/CAII dKO mice
The NCC/CAII dKO mice were generated by crossing mice with single deletion of NCC or CAII with each other. Figure 2a shows tail genotyping demonstrating the generation of NCC/ CAII dKO mice, as verified by the presence of mutant bands and the absence of wt bands. We next examined the expression of pendrin in kidneys of WT, NCC KO, CAII KO and NCC/CAII dKO mice. The results (Fig. 2b) demonstrate that pendrin expression in NCC/CAII dKO mice is significantlydecreased relative to that in NCC KO or WT mice (p<0.05, n=4) and resembles the pattern seen in CAII KO mice. Immunofluorescence confirmed the mRNA expression studies (data not shown). Figure 2c depicts body weights of 2 months old dKO, single KO, and WT mice. As shown, NCC/NCC dKO mice are significantly smaller than either single KO or WT animals. The average body weight was ~35% lower in dKO mice vs. WT or single KO mice (Fig. 2c) (p<0.05, n=4 in each group) .
NCC/CAII dKO mice have profound renal water and salt wasting
To assess the impact of single or double gene deletion on salt and water excretion, balanced studies were performed on all genotypes in metabolic cages. Figure 3 (a and b) shows the presence of polyuria (increased urine output) along with polydipsia (increased water intake) in NCC/CAII dKO mice. Water intake and urine output in NCC KO or CAII KO mice are depicted for comparison ( Fig. 3a and b) . As demonstrated, urine output and water intake are comparable in WT and NCC KO mice, moderately increased in CAII KO mice (p<0.05 for urine output, n=4) and significantly enhanced in NCC/CAII dKO mice (p<0.05, n=4). Figure 4 (a and b) depicts the chloride and sodium excretion rates in WT and NCC/CAII dKO mice. As indicated, NCC/CAII dKO mice display significant chloride and sodium wasting vs. WT mice (p<0.04 and p<0.05, respectively, n=4).
NCC/CAII dKO mice have severe volume depletion but are unable to concentrate their urine
To determine whether excessive salt and water wasting (Figs. 3 and 4) cause volume depletion in dKO mice, the expression levels of renin in kidneys of WT and mutant mice were examined. As shown in Figure 5a , renin expression levels are profoundly increased in kidneys of dKO mice, whereas they remain comparable in kidneys of single KOs and WT mice. An analysis of renin expression levels in WT and dKO mice demonstrates ~600% increase in kidneys of dKO mice (Fig. 5a, right panel is a densitometric analysis, p<0.0001, n=4) .
The increase in urine output (Fig. 3) in the setting of volume depletion (Fig. 5a ) suggests impaired urine concentrating ability in kidneys of NCC/CAII dKO mice. To examine this issue further, urine osmolality was measured in all genotypes. As demonstrated in Figure 5b , urine osmolality is reduced by ~70% in dKO mice vs. the other genotypes (p<0.05, n=4).
The low urine osmolality and increased urine output in the face of severe volume depletion suggest impaired water conservation by the kidney, which points to altered AQP2 Figure 6a is a representative western blot and examines the expression levels of total AQP2 in microsomal proteins isolated from kidney medulla of all genotypes. As indicated, AQP2 abundance, when normalized for B-actin levels (Fig. 6a, bottom p-AQP2 is increased in kidneys of NCC KO mice (p<0.05, n=4) but returns to normal levels in kidneys of CAII KO and NCC/CAII dKO mice (Fig. 6b, middle panel) . The abundance of Ser261 p-AQP2, which represents the intracellular/subapical/recycling pool, however, is significantly increased in kidneys of CAII KO and further increased in NCC/CAII dKO mice (Fig. 6b, top panel, p<0.05, n=4 for each group vs. wt). The loading equality for protein samples is shown by B-actin intensity. The protein levels for ENaC subunits (β and γ) were examined by western blot in WT, single KO and NCC/CAII dKO mice. As indicated, a representative blot in Fig. 6c shows that the abundance of both ENaC subunits, when normalized for B-actin levels, increased in NCC KO mice (p<0.05, n=4) but was not significantly different in NCC/CAII KO mice vs. WT mice (Fig. 6c) . The expression of ENaC-β and ENaC-γ subunits increased by 80 and 150%, respectively in NCC KO mice (n=4, p<0.05). However, they increased by only 15 and 22%, respectively, in NCC/CAII dKO mice (n=4, p>0.05). The abundance of the Na + / H + exchanger NHE3 did not change significantly in microsomal membranes isolated from kidney cortices of NCC/CAII dKO mice (data not shown). 
Discussion
Pendrin, which was first identified by linkage analysis in patients with Pendred syndrome [31] , is an anion exchanger which can function in Cl -/HCO 3 -exchange mode [6, 19] . It can also transport iodide [32] . Despite its role as a chloride absorbing transporter, there is little evidence of salt wasting in mice with the genetic deletion of pendrin and in humans with inactivating mutation of pendrin under baseline conditions. Similar to pendrin deficient mice, NCC null mice also do not demonstrate any noticeable salt wasting under baseline conditions. Both pendrin and NCC KO mice, however, show signs of volume depletion or develop hypotension in response to salt restriction [17, 18] . Both NCC and pendrin display adaptive regulation by excess aldosterone. These findings have led investigators to conclude that pendrin and NCC are predominantly active during salt depletion (and or in response to aldosterone), and their contribution to salt reabsorption under baseline conditions is minimal.
Pendrin expression increases significantly in kidneys of NCC KO mice [11] . This response parallels enhanced expression of the epithelial sodium channel (ENaC) in these animals [17] . Taken together, these results suggest that pendrin, working in tandem with ENaC, is activated and plays an important role in salt reabsorption in the distal nephron of NCC KO mice. In addition to ENaC, recent studies suggest that NDCBE can also collaborate with pendrin to reabsorb salt in the distal nephron [13] . Whether NDCBE activity is enhanced in kidneys of NCC KO mice remains unanswered at the present.
The most salient feature of the present studies is the profound fluid and electrolyte wasting in NCC/CAII dKO mice but not in NCC KO or CAII KO mice (Results). Given the upregulation of pendrin in kidneys of NCC KO mice [11] and its significant downregulation in kidneys of CAII null mice [24] , these results strongly suggest that severe salt wasting in NCC/CAII dKO mice is mainly due to the prevention of upregulation of pendrin in the setting of NCC deficiency. The fluid and electrolyte loss resulted in severe volume depletion in NCC/ CAII dKO mice, as verified by the profound upregulation of renin expression. This picture is completely distinct from that in mice with single deletion of NCC, which do not display any major electrolyte wasting under baseline conditions and display only mild (but statistically not significant) upregulation of renin expression in their kidneys (Results). Published reports indicate that CAII is a cytosolic enzyme expressed in almost all nephron segments except loop of Henle [33] . As for the salt reabsorption, there is no evidence that CAII deficiency causes any impairment in the proximal tubule or any other nephron segment. This is supported by normal renin expression and salt excretion in kidneys of CAII KO mice (Results).
The results of the present studies are in agreement with those in mice with double deletion of NCC and pendrin [20] , which showed salt wasting, volume depletion and a sharp increase in BUN levels, consistent with pre-renal failure [20] . The volume depletion and kidney hypoperfusion improved significantly in response to salt repletion, strongly suggesting that salt wasting was the primary pathogenic event in NCC/pendrin dKO mice [20] . It is worth mentioning that CAII null mice have increased urine output (Fig. 3) but their salt excretion is not significantly different relative to WT or NCC KO mice.
In addition to enhanced expression of renin, the volume depletion resulting from salt wasting via kidney or gastrointestinal tract invariably stimulates arginine vasopressin (AVP) release from the pituitary gland [34] . Reports indicate that the water-absorbing channel in the kidney collecting duct (AQP2) is under the control of AVP and plays an essential role in water reabsorption in volume-depleted states [35] [36] [37] . It is known that AVP enhances the phosphorylation of AQP2 on serine residue 256, therefore increasing the surface expression and activity of AQP2 in collecting duct principal cells, resulting in urine concentration augmentation [38, 39] . It is known that the phosphorylation of serine 261, unlike the serine residue 256, results in the internalization and recycling of AQP2 in principal cells [38, 39] . Given the presence of severe volume depletion and elevated renin/AVP levels, the impaired urine concentrating ability in NCC/CAII dKO mice suggests defects in water absorption machinery in the collecting duct. Indeed, our studies support this conclusion by demonstrating enhanced expression of intracellularly-located, serine 261-phosphorylated AQP2 in the medullary collecting duct of NCC/CAII dKO mice compared to WT animals (Fig.  6) . Our results provide a molecular basis for impaired urine concentrating ability in the volume-depleted, NCC/CAII dKO mice.
These are the first reports demonstrating aberrant AQP2 trafficking in kidneys of animals with salt wasting and severe volume depletion, despite the presence of elevated circulating AVP levels. We suggest that the increase in total AQP2 in kidneys of NCC/CAII dKO mice (Fig. 6a) is predominantly due to enhanced expression of Ser261 p-AQP2, which is located intracellularly, and is therefore not involved with water reabsorption and urine concentration.
It is unlikely that altered AQP2 trafficking is only observed in NCC/CAII dKO and mice. Rather, we believe that any model of renal salt wasting that results in volume depletion can potentially cause aberrant AQP2 trafficking. It is important to note that volume depletion subsequent to gastrointestinal electrolyte loss or salt restriction does not impair urine concentration or cause abnormal AQP2 trafficking. In support of this statement, we find that Slc26a3 (DRA) null mice, which exhibit diarrhea subsequent to decreased absorption of salt in the intestine [40] , develop volume depletion but are able to concentrate their urine appropriately and process AQP2 properly in the collecting duct (data not shown). Further, we find that mice with the double deletion of pendrin and NCC display aberrant trafficking of the AQP2 water channel in medullary collecting ducts in a manner very similar to that in NCC/CAII dKO mice (manuscript in preparation). Taken together, we propose that it is the salt wasting via kidney, which can potentially cause impaired trafficking of AQP2 and water conservation once volume depletion is ensued. While the signal(s) mediating the differential regulation of phosphorylated AQP2 isoforms in kidneys of NCC/CAII dKO mice is (are) not clear at the present, possibilities such as increased PGE2 (prostaglandin E2) and 20-HETE (hydroxyeicosatetraenoic Acid), which are known to antagonize the effect of AVP on the collecting duct should strongly be considered.
In conclusion, NCC/CAII dKO mice develop significant salt wasting subsequent to the prevention of upregulation of kidney pendrin in the setting of NCC deficiency. The salt wasting in NCC/CAII dKO mice is associated with impaired water conservation and aberrant AQP2 trafficking despite severe volume depletion. We propose that the targeted inhibition of NCC and pendrin provides a strong diuretic regimen for the treatment of fluid overload in patients with congestive heart failure, nephrotic syndrome, generalized edema, and chronic kidney disease. The diagram in Figure 7 depicts the salt and water wasting in NCC/CAII dKO mice. According to this scheme, while pendrin downregulation in CAII KO mice does not cause any significant salt wasting under basal condition due to compensatory upregulation of NCC (Fig. 7b) vs. WT mice (Fig. 7a) , it causes significant salt wasting in the setting of NCC inactivation or inhibition (Fig. 7c) . Fig. 7 . Schematic diagram depicting the synergic role of pendrin and NCC in salt and water absorption in the kidney distal nephron. The downregulation of pendrin in CAII null mice does not cause significant salt and water wasting due to compensatory activation of NCC (b) vs. WT mice (a). However, the downregulation of pendrin causes significant salt wasting in the setting of NCC inactivation (c). NCC downregulation per se does not cause significant salt wasting due to the compensatory upregulation of pendrin and the ENaC [20] . a b c
